THO is a conserved eukaryotic complex involved in mRNP biogenesis and RNA export that plays an important role in preventing transcription-and RNA-mediated genome instability in mitosis and meiosis. In mammals THO is essential for embryogenesis, which limits our capacity to analyze the physiological relevance of THO during development and in adult organisms. Using Caenorhabditis elegans as a model system we show that the THO complex is essential for mitotic genome integrity and the developmentally regulated mitotic cell cycles occurring during late postembryonic stages.
Introduction
Maintenance of genome integrity is essential for development. Many genes controlling different cellular processes, including DNA replication, cell cycle progression, damage checkpoint, DNA repair and recombination, transcription and even RNA processing and export, have been implicated in the maintenance of genome stability in vegetatively growing cells [1] . Particularly intriguing are the roles that the THO and THSC/TREX-2 protein complexes involved in mRNP biogenesis and export have on genome integrity [2, 3] .
THO is a multimeric complex composed of stoichiometric amounts of Tho2, Hpr1, Mft1, Thp2 and Tex1 as identified in Saccharomyces cerevisiae [4, 5] . It is conserved in all eukaryotes and the homologues have been identified in Caenorhabditis elegans, Drosophila and mammals (see [6] ). Yeast cells lacking the THO complex show defects in transcription elongation and RNA export and a strong increase in transcription-associated recombination (TAR). Interestingly, TAR in these yeast mRNP biogenesis mutants and in vertebrate cells depleted of the ASF/SF2 splicing factor is linked to R-loops, similar to the process of class-switch recombination that occurs at the Immunoglobulin (Ig) genes in vertebrates [7] . In addition we have recently shown that S. cerevisiae and C. elegans THO mutants accumulate R-loops during meiosis causing premeiotic replication impairment as well as DNA damage accumulation [8] .
In mammals, the THO complex THOC1 subunit is essential for embryogenesis, as determined by knocking out THOC1 subunit [9] . This has limited our capacity to analyze the physiological relevance of THO in development and in adult individuals. A model system to bypass these difficulties is C. elegans. Though THO is also essential in C. elegans maternal rescue permits the analysis of loss-of-function mutations in adult tissues of thoc-2 null mutants [8] . Given the relevance of THO in RNA metabolism and genome integrity, we used C. elegans as a model system to analyze the role of thoc-2 during development. Here we show that thoc-2 mutants display general deficiencies during development, which we propose are due to defects in mitotic genome stability as a consequence of impaired replication. Our works reveals an essential role of an mRNP biogenesis factor in genome integrity maintenance during development.
Materials and Methods

Strains and Maintenance
Standard methods were used for the maintenance and manipulation of C. elegans strains [10] . The following nematode strains were provided by the Caenorhabditis Genetics Center, which is funded by the NIH National Center for Research Resources, including wild type Bristol N2, thoc-2(ok961), RB1164 [aly-2(ok1203)], RB805 [nfx-1&nfx-2 (ok611)] and JK2739. thoc-2(tm1310) was generated and kindly provided by S. Mitani.
Development analysis was done with synchronized L1 larvae that were followed through the four larvae stages up to 24 hours post-L4 adults. Images were taken with LEICA CA-MZ16 FA-FLUO.
Hydroxyurea (HU) treatment was performed as previously described [11] . L4 larvae were transferred to plates with 40 mM HU for 16 hours prior to analysis.
Immunostaining and FISH
For all the antibodies used in this study but RNP-8 gonads were treated as described [12] . One day post-L4 adult gonads were dissected in PBS with levimasole on POLYSINE slides, fixed for 20 minutes in 4% paraformaldehyde and replaced for 10 minutes in TBSBTx (TBSB+0.4% TX100). The slides were washed twice for 10 minutes and one more for 30 minutes with TBSB (TBS+0.5% BSA). They were incubated overnight at 4uC with the antibody. Dilutions used: goat a-CEP-1 (1:100), rabbit a-ATL-1 (1:200), rat a-RPA-1 (1:200), a-FK2 (1:10000), rabbit a-GLD-1 (1:100) [13] , mouse a-SP-56 (1:300), rabbit a-PGL-1 (1:100) [14] (in TBSB). For rabbit a-RNP-8 (1:1000) gonads were fixed (3% formaldehyde, 0.25% glutaraldehyde, 100 mM K2HPO4 [pH 7.2]). After three washes with PBT (PBS+0.1% Tween 20) gonads were treated with proteinase K (50 mg/ml) for 30 minutes at RT and then re-fixed in the same solution for 15 minutes at RT [15] . Next day gonads were washed 3 times in TBSB, each for 30 minutes at RT, and incubated for 2 hours with the secondary antibody in TBSB (aGOAT 1:10000, aRABBIT 1:5000, aRAT 1:5000, aMOUSE 1:5000). Gonads were washed three times for 30 minutes in TBSB and mounted with 10 ml Vectashield (with 1 mg/ml DAPI) per sample for further analysis.
FISH was performed as in [16] with modifications. Dissected gonads on slides were fixed in PGM (3% paraformaldehyde/ 0.25% glutaraldehyde/0.1 MK2HPO4 (pH 7.2)) for 1.5 to 2 hours at RT. A wash in PBTw (1XPBS+0.1% Tween20) was followed by the addition of 100% cold MeOH. Next, gonads were washed twice in PBTw. Then gonads were treated with 50 mg/ml Proteinase K in PBTw for 30 minutes at RT followed by three washes in PBTw. Fixation was repeated for 15 minutes in PGM followed by 15 minutes incubation in PBTw containing 2 mg/ml glycine. After three washes in PBTw, 50% PBTw/50% hybridization buffer was added (HB: 5X SSC, 50% deionized formamide, 100 mg/ml autoclaved Herring sperm DNA, 50 mg/ml Heparin and 0.1% Tween-20) and incubated 5 minutes at 50uC. Next a pre-hybridization step was performed adding HB and incubating for 1 hour at 50uC. For hybridization the probe against the poly-A sequence of mRNA (406T) labeled with the Cy3 fluorochrome (Sigma) was added to pre-warmed HB at 10 mM, and gonads were incubated for 20 hour at 50uC. The following day samples were washed 4 times 15 minutes with prewarmed HB at 50uC. Then the following washes were performed:10 minutes in 50% HB/50% PBTw, 2 times for 1 minute in PBTw, 3 times for 10 minutes in PBTw and 5 minutes in PBTw, all washes were performed at RT. Finally slides were mounted with 10 ml Vectashield (with 1 mg/ml DAPI) per sample for further analysis. Slides were kept at all times in a humid chamber.
In situ Detection of Germline DNA Synthesis Direct incorporation of Cy3-dUTP (Amersham Bioscences) into germline nuclei was performed as described [8] . The injection mix consisted of 50 mM Cy3-dUTP (Amersham Bioscences, Piscataway, NJ) in PBS, pH 7.2. After ,2.5 hours of exposure to the Cy3-dUTP, gonads were dissected, fixed and DAPI-stained. The total number of cells that incorporated Cy3-dUTP was determined for each dissected germline. For both strains, N2 and thoc-2(tm1310), n = 28. Caffeine was co-microinjected at 0.05 mM. For both strains, N2 and thoc-2(tm1310), n = 15. Fluorescence Microscopy Leica DM6000B inverted microscope was used to examine the germlines with 40X HCXPL-APO/1.25 OIL or 63X HCXPL-APO/1.40 OIL lens, and images captured using Leica LAS-AF computer software. Three-dimensional data sets were computationally deconvolved, and regions of interest then projected into one dimension.
Quantitative RT-PCR
For each sample, about 100 adult worms were collected and total RNA was extracted using Rneasy MiniKit (Qiagen). 360 ng of total RNA from each sample were used for reverse transcription (Quantitect Reverse Transcription, Qiagen) and PCR using the Power SYBRH Green PCR-MasterMix (Invitrogen). The cdc-42 gene, whose expression levels are unusually stable during development, was used as an endogenous standard. The oligos used were: 59-CTTTGAGCAATGATGCGAAA-39 and 59-TCATTCGAGAATGTCCGAGA-39 for cdc-42; 59-GTGAGTGTGACGACGGATTT-39 and 59-CAGAAGAA-TAGCCAGCGAGA-39 for spe-9; 59-CGCATTTACAAC-GAGTGGAA-39 and 59-TGGATTGAGATGAGGAGCAG-39 for spe-15; 59-CCACCGCTTAATTTGATTCTT-39 and 59-TGCCTGATCCTCAACATCAT-39 for spe-41. Experiments and data analysis were performed with a 7500-RealTime PCR System (Applied Biosystems).
Results and Discussion
C. elegans thoc-2 Mutants Fail to Reach Adult Size
The THO complex is conserved in yeast and metazoans [6] , in Table S1 we summarize the putative components of the C. elegans THO complex based on sequence comparison [17] . One member of C. elegans THO complex is thoc-2 (THO Complex subunit 2) ortholog of yeast THO2. We previously showed that thoc-2 is essential for fertility but homozygous mutants produced by selffertilization of heterozygous hermaphrodite parents can be analyzed [8] . We have characterized two thoc-2 deletion mutant alleles, thoc-2(tm1310) and thoc-2(ok961), which are predicted to encode non-functional truncated proteins. Phenotypic analysis of thoc-2 mutants reveals different developmental abnormalities. As shown in Figure 1A , homozygous worms of two different thoc-2 deletion alleles develop from L1 to L4 normally, but show defects in reaching adulthood size. Consistent with a defect in completing development, a protruding vulva (Pvl) phenotype was observed in both thoc-2 mutants with 100% penetrance, meaning that all mutant worms observed showed Pvl ( Figure 1B) . Development of the vulva requires several organized mitotic divisions of the three precursors cells [18] , and it has been shown that loss of vulva cells by non-apoptotic cell death results in abnormal vulva phenotypes including Pvl [19] . Notably, defects in the vulva cell lineage of C. elegans have been related to mutations causing chromosome instability [20, 21] . Based on this, we hypothesized that C. elegans thoc-2 mutants might also show defects in chromosome stability during mitotic divisions.
Abnormal Mitosis in thoc-2 Mutants
To determine whether mitosis was affected, we analyzed thoc-2 mutant germlines. Each germline is spatially polarized in a distal to proximal manner with respect to mitotic proliferation and progression through meiotic prophase I. In the distal region nuclei proliferate by mitotic divisions acting as stem cells until they reach the transition zone. Here, following premeiotic S-phase, initial pairing events between homologous chromosomes take place and can be recognized by the polarized redistribution of chromosomes that give rise to ''crescent'' shaped nuclei [22] . We measured the length of the mitotic region in N2(wt) and thoc-2 mutant strains by the shape of the transition nuclei and by immunofluorescence with the CEP-1 mitosis marker [23] . The two thoc-2 deletion mutants analyzed showed longer mitotic regions expanded by approximately 30 mm as compared to the mitotic region length in N2(wt) animals ( Figure 2A and Figure S1A ).
In adults, the distal tip cell (DTC) located at the tip of the mitotic region controls the mitosis-meiosis transition. The DTC forms a stem cell niche via the Notch signaling pathway, which in turn controls a complex network of several proteins and mRNAs, including GLD-1, GLD-2, FBF-1/2 and NOS-3, all of which are involved in post-transcriptional gene regulation that finally regulates the mitosis-meiosis transition. The DTC has high rates of mRNA synthesis. Since THO mutants show mRNA export defects, we examined the mRNA accumulation in thoc-2 mutants. FISH analysis with an oligo-dT probe against poly-A showed a striking accumulation of mRNA at the DTC of thoc-2 mutant germlines in contrast to N2(wt) germlines where no signal was distinguishable ( Figure 2B and Figure S1B ). To address if this was a general phenotype of mRNA biogenesis mutants we also tested nfx-1 and aly-2 mutants [24, 25] . NFX-1 and ALY-2 are homologues of the evolutionary conserved S. cerevisiae mRNA export factors Mex67 and Yra1, respectively [26] . In agreement with their role, mutants of both genes show mRNA accumulation along germline nuclei ( Figure 2B and Figure S1C ). However, no mRNA accumulation was detected in the DTC of aly-2 mutants germlines, and only a slight signal was observed in the nfx-1 DTC ( Figure 2B ). This is in agreement with the fact that no extended mitotic regions are present in neither of both mutants ( Figure  S1A ). To further examine the relationship between mRNA accumulation and mitotic defects in thoc-2 mutants, we decided to analyze the distribution of GLD-1 [13] . GLD-1 is a key member of the mitosis-meiosis transition regulatory network (reviewed in [27] ). Using anti-GLD-1 antibodies we observed that GLD-1 accumulation in the thoc-2 mutants was delayed as compared to N2(wt), but increased gradually in the proximal part of the mitotic region and reached the highest level as germ cells entered the meiotic prophase ( Figure 2C ). This shifted distribution can explain the long mitotic region of thoc-2 mutants, as it takes longer for GLD-1 to reach the level necessary to trigger meiosis. It has been shown that meiotic entry prevention can be regulated, at least in part, by lowering GLD-1 abundance [28] .
Importantly, mRNA accumulation at the DTC does not affect the initial steps of meiosis, as the synaptonemal complex is normal in thoc-2 mutants [8] . In addition, analysis of the expression and localization of meiotic markers involved in oogenesis or spermatogenesis showed no differences between N2(wt) and thoc-2 mutants (see [15, [29] [30] [31] and Figure S2 ). Taken together these data suggest that there are tissue specific gene products required for mRNA biogenesis that would explain the different development patterns caused by loss of the THO complex.
Checkpoint Activation in thoc-2 Mutants
Notably, despite the long mitotic regions, the total number of nuclei in the thoc-2 mutants was reduced as compared to wild type ( Figure 3A and Figure S1A ). Cytological analysis of the thoc-2 germlines also revealed the presence of enlarged nuclei, a hallmark of cell cycle arrest. To further analyze the disorganized mitotic nuclei we used antibodies against the single-strand binding protein RPA, which is involved in replication and recombination. Unlike wild type worms, thoc-2 mutants exhibited regions of ssDNA as indicated by the presence of RPA foci ( Figure 3B ). This phenotype is partially similar to that observed in mutants with defects during S-phase such as atl-1 and clk-2, which show RPA foci in mitotic nuclei [11, 32] . This suggests that the accumulated ssDNA likely triggered the observed cell cycle arrest. In order to determine if the DNA damage checkpoint was triggered in the thoc-2 mutants we used antibodies against the checkpoint protein ATL-1. ATL-1 is recruited to sites of DNA damage where it activates the DNA damage checkpoint and it is required for mitotic cell cycle arrest [32] . No signal was observed in the N2(wt) animals but thoc-2 mutants showed ATL-1 foci in mitotic nuclei ( Figure 3B) , consistent with the interpretation that ssDNA is activating the DNA damage checkpoint in thoc-2 mutants. This implies that the absence of THOC-2 hinders the S-phase, leading to an accumulation of ssDNA that activates the S-phase checkpoint. Treatment of N2 (wt) with the inhibitor of ribonucleotide reductase that leads to replication fork stalling, HU, induces Sphase arrest that manifests as a reduction in the number of nuclei in the mitotic compartment of the germline as well as an increase in mitotic region length [11] , similar to what we observe in thoc-2 mutants mitotic regions (Figure 2A and 3A) . We determined the replication stress response in thoc-2 mutants by treatment with hydroxyurea (HU). HU treatment of N2 (wt) worms leads to the normal response ( Figure S3 ), in thoc-2 mutants we observed a slight reduction in the number of mitotic nuclei ( Figure S3 ), confirming that the thoc-2 mitotic nuclei are under replicative stress. After checkpoint activation many proteins are ubiquitynilated during DNA damage repair [33] . As a way to test if DNA repair processes are taking place in thoc-2 mutants we used FK2 antibody against conjugated Ubiquitin (Ub). Contrary to N2(wt) animals, thoc-2 mutants showed FK2 foci in mitotic nuclei ( Figure 3C ), indicating that DNA damage in thoc-2 mutants is activating the repair pathways. All together these observations indicate a role for thoc-2 in the maintenance of normal mitosis in the germline.
The relevance of S-phase checkpoint activation in vegetatively growing THO mutants was reported in S. cerevisiae [34] . Double mutants of hpr1 with mutations in the structural gene of Rad24 and other components of the RFC-like complex involved in Sphase checkpoint activation either show a synthetic growth defect or are synthetic lethal under replication stress. In hpr1D the Sphase checkpoint activation is due to R-loops accumulation as shown by the separation-of-function hpr1-101 mutant, which does not accumulate R-loops [35] . Contrary to hpr1D mutants, hpr1-101 mutant does not activate the S-phase checkpoint since no Rad53 phosphorylation can be detected [35] . Consistent with these results, we observed checkpoint activation in the germline mitotic cells of C. elegans thoc-2 mutants that also accumulate R-loops [8] , which suggests that the importance of THO complex in S-phase progression can be extended from yeast to other eukaryotes.
thoc-2 and DNA Replication
In C. elegans DNA replication failure and DNA lesions lead to prolonged cell cycle arrest of mitotic germ cells and the occurrence of RPA and ATL-1 foci throughout the germline [32, 36] . Therefore, we wondered whether the origin of mitotic genome instability in C. elegans thoc-2 mutants would occur during the replication process. To examine replication, we assessed incorporation of deoxyribonucleotides into germline DNA as previously described [37, 38] . Following microinjection of Cy3-dUTP into young adult hermaphrodite germlines, worms were allowed to recover for 2.5 hours, after which their germlines were dissected, fixed and DAPI-stained. Quantification of the number of nuclei that incorporated Cy3-dUTP in each germline revealed that N2(wt) animals showed Cy3-dUTP incorporation in mitotic nuclei ( Figure 4A ), similar to previous reports [38] . In contrast, there was a significant reduction in the level of co-localization of Cy3-dUTP with DAPI staining in thoc-2 mutant germlines ( Figure 4A ). This result clearly demonstrates that mitotic replication is impaired in thoc-2 mutants. To test if cell cycle arrest was responsible of the reduced levels of replication we co-microinjected caffeine, an inhibitor of ATL-1. Co-microinjection of caffeine did not affect the incorporation of Cy3-dUTP in N2(wt) worms, whereas in thoc-2 mutants it caused a slight increase in Cy3-dUTP-labelled nuclei ( Figure 4B ). Together the results suggest that the absence of THOC-2 hinders the S-phase. Endogenous DNA breaks can arise from replication defects, leading to the accumulation of ssDNA as indicated by the presence of RPA foci. As a consequence the Sphase checkpoint is activated, as confirmed by the ATL-1 foci observed in mitotic nuclei, and the cell cycle is arrested, which reduces the number of nuclei undergoing mitosis. The checkpoint dependence can be explained by the fact that THO mutants accumulate R-loops that, in turn, alter replication and become a source of DNA damage [8, 39, 40] .
Conclusions
We have exploited Caenorhabditis elegans as a model system to uncover the role of the THO complex in a multicellular organism. We have show by analysis of two deletions of the thoc-2 component of THO, that the THO complex is required for completion of development. Our results reveal that the role of THO in mitotic genome stability maintenance is critical as shown by the protruding vulva and germline mitotic defects. We have shown that the DNA replication impairment of thoc-2 mutants leads to DNA damage accumulation and checkpoint activation, with consequences in the progression through mitosis. Therefore, the lethality observed in C. elegans and mice are thus likely related to the incapacity of early embryonic cells to divide properly [8, 9] . In this sense the relevance of DNA replication and repair functions that warrants the integrity of the genome and proper progression through S-phase has been reported with the embryonic lethality of knock-out mice for DSB repair genes such as RAD51 [41] . Our results also show the specific requirement of THO complex for mRNA export at the DTC. It is possible that THO mutants impact in mRNA-transcription and -export is responsible for the failure of the mutants to reach adult size. However, a more likely explanation is that this defect arises from the impairment of mitotic division during development. Our work in C. elegans provides new insights to the THO complex contribution to the maintenance of genome integrity in developmental mitotic divisions. 
Supporting Information
